Background/Aims: Disrupted mitochondrial dynamics, including excessive mitochondrial fission and mitophagy arrest, has been identified as a pathogenic factor in diabetic nephropathy (DN), although the upstream regulatory signal for mitochondrial fission activation and mitophagy arrest in the setting of DN remains unknown. Methods: Wild-type (WT) mice and NR4A1 knockout (NR4A1-KO) mice were used to establish a DN model. Mitochondrial fission and mitophagy were evaluated by western blotting and immunofluorescence. Mitochondrial function was assessed by JC-1 staining, the mPTP opening assay, immunofluorescence and western blotting. Renal histopathology and morphometric analyses were conducted via H&E, Masson and PASM staining. Kidney function was evaluated via ELISA, western blotting and qPCR. Results: In the present study, we found that nuclear receptor subfamily 4 group A member 1 (NR4A1) was actually activated by a chronic hyperglycemic stimulus. Higher NR4A1 expression was associated with glucose metabolism disorder, renal dysfunction, kidney hypertrophy, renal fibrosis, and glomerular apoptosis. At the molecular level, increased NR4A1 expression activated p53, and the latter selectively stimulated mitochondrial fission and inhibited mitophagy by modulating Mff and Parkin transcription. Excessive Mff-related mitochondrial fission caused mitochondrial oxidative stress, promoted mPTP opening, exacerbated proapoptotic protein leakage into the cytoplasm, and finally initiated mitochondria-dependent cellular apoptosis in the setting of diabetes. In addition, defective Parkin-mediated mitophagy repressed cellular ATP production and failed to correct the uncontrolled mitochondrial fission. However, NR4A1 knockdown interrupted the Mff-related mitochondrial fission and recused Parkin-mediated mitophagy, reducing the hyperglycemia-mediated mitochondrial damage and thus improving 
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Introduction
Diabetic nephropathy (DN), the renal damage caused by hyperglycemia, is a common complication of diabetes, affecting as many as of 50% of patients [1] . Notably, DN has gradually become a leading cause of chronic kidney disease worldwide and has been identified as one of the most significant long-term complications for diabetes patients in terms of morbidity and mortality [2] . Chronic hyperglycemia has also been acknowledged to play a decisive role in the development of DN [3] . At the molecular level, several of the biological processes affected by high glucose, including glomerular apoptosis, interstitial fibrosis, and metabolic reprogramming [4, 5] , are tightly linked to mitochondrial homeostasis, and each of these processes is strongly affected by alterations in the balance of mitochondrial dynamics [6, 7] , including mitochondrial fission and mitophagy [8] . These facts indicate that changes in mitochondrial morphology may underlie many of the phenotypes that control the pathological progression of DN.
In certain physiological conditions, mitochondria undergo morphologic changes to adapt to cellular energy demands. Mitochondria divide into daughter mitochondria by mitochondrial fission, increasing energy production [9] . However, under conditions of hyperglycemia, mitochondria become small, roundish fragments due to excessive fission, contributing to the progression of DN [10] . Previous findings indicate that hyperglycemiamediated mitochondrial fission induces ROS overproduction, obligating cells to undergo oxidative stress. In addition, uncontrolled mitochondrial division produces a large amount of mitochondrial debris, leading to an inadequate distribution of mitochondrial DNA within the mitochondria [11] . The damage to the mitochondrial genome suppresses the copying and transcription of the mitochondrial respiratory complex, interrupting cellular ATP production [12] . Abnormal mitochondrial fission promotes the opening of the mitochondrial permeability transition pore (mPTP) and cytochrome-c (cyt-c) leakage from mitochondria into cytoplasm, finally activating mitochondria-dependent cellular apoptosis [13, 14] . These findings highlight the fact that mitochondrial fission is regulated by glucose metabolism and, in turn, governs the development of diabetes and DN. Notably, although there is considerable evidence that mitochondrial fission is a potential target for retarding or preventing diabetic renal damage, the initial upstream molecular mechanism of hyperglycemia-mediated mitochondrial fission remains poorly understood.
Structurally, mitochondrial fission is tightly controlled by dynamin-related protein 1 (Drp1) and its receptor. In response to a hyperglycemic stimulus, Drp1 is activated by Rhoassociated protein kinase 1 (ROCK1) pathways and translocates from the cytoplasm to the surface of mitochondria [15, 16] , forming a ring structure around the mitochondria. Notably, Drp1's interaction with mitochondria requires its receptor, and mitochondrial fission factor (Mff) is an indispensable adaptor protein for Drp1. Previous research has suggested that Mff activation is required for mitochondrial fission and cardiac endothelial oxidative injury [11, 17] . However, the upstream regulatory molecule for Mff-required mitochondrial fission in the setting of DN remains unknown. In response to mitochondrial fission, mitochondria could employ lysosomes via Parkin to degrade damaged mitochondria and maintain a healthy mitochondrial population, which is essential for cell survival [18] [19] [20] . Notably, the impairment of Parkin-mediated mitophagy is a feature of DN, and various pharmacological activators of mitophagy have been shown to protect against glomerulosclerosis and proteinuria, renal hypertrophy, and mesangial expansion in rodent DN models [21] [22] [23] . However, the regulatory signaling upstream of mitophagy is far from clear. Give these facts, we designed our study to explore the mechanism by which hyperglycemia controls mitochondrial fission and mitophagy.
Previous studies of fatty liver disease [24] have suggested that mitochondrial fission and mitophagy could be synchronously modulated by nuclear receptor subfamily 4 group A member 1 (NR4A1), a subfamily of NR4A orphan receptors. The NR4A1 activation induced by a high-fat diet promotes Drp1 phosphorylation and Bnip3 transcriptional arrest, selectively stimulating Drp1-mediated mitochondrial fission and inhibiting Bnip3-related mitophagy [24] . In addition, upregulated NR4A1 also induces high-fat associated endothelial dysfunction and atherosclerosis formation by regulating Parkin-mediated mitophagy activity [25] . On this basis, we aimed to investigate whether NR4A1 is upregulated by hyperglycemia and activates Mff-required mitochondrial fission and represses Parkin-related mitophagy, finally leading to mitochondrial dysfunction, glomerular mitochondrial apoptosis, and the development of DN.
Materials and Methods
Ethical statement
Experimental protocol was approved by the Xuhui District Central Hospital of Shanghai. All animal studies were carried out according to the guidelines of Animal Care and Use Committee. All efforts were made to minimize the suffering of the experimental rats in this research.
Animal study and cellular experiments
Wild-type (WT) and NR4A1 knockout (NR4A1-KO) mice with a C57BL/6 background were purchased from Jackson Laboratory (Bar Harbor, ME, USA) and were bred at the laboratory of Xuhui District Central Hospital of Shanghai. Then, 8-week-old wild-type (WT) and NR4A1-KO mice were intraperitoneally injected with streptozotocin (STZ, 50 mg/kg) for 5 consecutive days based on the results of our previous study [26] . The diabetic model was validated by blood glucose levels > 16 mmol/L after a six-hour daytime fasting and at the end of treatment, all mice (24-week-old) were euthanized, and the kidneys were collected for further experimentations. All mice were maintained on a 12-h/12-h light/dark cycle with free access to tap water and laboratory chow [10] .
Human renal mesangial cells (HRMCs) were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). To mimic the high glucose damage, normal glucose medium (5.5 mmol/L) and high glucose medium (25 mmol/L) were used for approximately 12 h according to the values in a previous study [27] . In the current study, to activate mitochondrial fission, FCCP (5 μM) was used to pretreat cells for approximately 30 min. To inhibit mitochondrial fission, mitochondrial division inhibitor 1 (Mdivi-1; 10 mM; Sigma-Aldrich; Merck KGaA) was used for 2 h [28] .
Histological studies
Four percent buffered formalin-fixed kidney tissues were embedded in paraffin based on a previous study. Tissue sections with 5 µm thickness were prepared and stained with hematoxylin-eosin (HE) stain, Masson trichrome stain and periodic Schiff-methenamine (PASM) stain as described in our previous study [15] . The changes in tissue morphology were observed through a light microscope and captured by the attached camera.
Biochemical parameter measurement
Blood pressures were measured in conscious, acclimatized mice using the tail-cuff method. After 12 h of fasting, the blood glucose level of venous blood from the tail vein was measured using a glucometer (Roche, Mannheim, Germany). Blood and urine samples were collected. Glycated hemoglobin (HbA1c) was measured using the in2it A1C system (Bio-Rad, Hercules, CA). The triglyceride and cholesterol levels in the serum and kidney and the TBARS levels in the kidney were determined using commercial assay kits (Nanjing Jiancheng Company, Shanghai, China) [29] . To collect morning spot urine samples, animals were placed in metabolic cages at the beginning of the light cycle and were kept for 2 h with water but without food. To obtain the 24-h urine samples, animals were placed in metabolic cages at the beginning of the light cycle and were kept for 24 h with free access to water and a standard laboratory diet [30] . The levels of creatinine and blood urea nitrogen (BUN) were determined using a Cobas® C311 Autoanalyzer as per the manufacturer's protocols. The urinary albumin concentration was determined using an ELISA kit obtained from BioMedical Assays (Beijing, China) [31] . The levels of insulin, glucagon, C-reactive protein, C-peptide, TNFα, MCP-1, and IL-6 were determined using ELISA kits obtained from Cusabio Technology (Wuhan, China). The lipid hydroperoxides (LPOs) in kidney homogenates were determined using an LPO kidney assay kit (Cayman Chemical, Ann Arbor, MI) [32] .
Estimation of oxidative stress biomarkers in kidney tissue
The reduced glutathione (GSH) content of kidney tissue homogenates was estimated as described in our previous study [26] . Briefly, 10% kidney tissue homogenates in EDTA were centrifuged at 4°C after mixing with ice cold 10% trichloroacetic acid (TCA). Then, the supernatants were mixed with Tris-HCl buffer (pH 9.0) followed by DTNB for color development, and the absorbance of that colored solution was measured at 412 nm by a spectrophotometer [33] . The values were expressed in nmoles of GSH/mg of protein. Oxidized glutathione (GSSG) was used as a substrate, and the oxidation of NAPDH to NADP was monitored at 340 nm. The specific activity of the enzyme was expressed as U/mg of protein as described in our previous study [34] .
Preparation of cytosolic and mitochondrial fractions
Kidney tissues were homogenized in ice cold 50 mM phosphate buffer containing 0.1mM EDTA, pH 7.4. The homogenate (10%) was subjected to centrifugation at 2000 rpm for 10 minutes at 4⁰C to remove nuclear portion as pellet [35] . Then supernatant was collected and again centrifuged at 15000 rpm for 40 minutes (4⁰C). Supernatant was considered as cytosolic sample and after collection of supernatant, the pellet was re-suspended in sucrose buffer to obtain mitochondrial sample. Both the samples were stored at -20⁰C for biochemical assays [36] .
Western blot analysis
Cytosolic and mitochondrial fractions were used for western blot assay. Fifty micro gram of protein was loaded for immunodetection. Samples were resolved by 10% SDS-PAGE. Electroblotting apparatus was used to transfer the proteins to PVDF membrane by operating the apparatus at 85V for 60 min using transfer buffer [37] . After transfer, the membrane was blocked by 5% non fat dried milk in Tris buffered saline and then incubated with the respective antibody for overnight at 4⁰C. Next day, after washing the membrane thrice with TBST; it was kept into secondary antibody for 2-hour. Next, the membrane was washed with TBST at least thrice [38] . Then, immunoblots were developed in presence of alkaline phosphatase buffer containing NBT and BCIP and relative abundance of the bands were quantified using Image J software (NIH, Bethesda, MD, USA). The primary antibodies used in the present study were as follows: Bcl2 (1:1000, Cell Signaling Technology, #3498), Bax (1:1000, Cell Signaling Technology, #2772), caspase9 (1:1000, Cell Signaling Technology, #9504), pro-caspase3 (1:1000, Abcam, #ab13847), cleaved caspase3 (1:1000, Abcam, #ab49822), c-IAP (1:1000, Cell Signaling Technology, #4952), cyt-c (1:1, 000; Abcam; #ab90529), Drp1 (1:1000, Abcam, #ab56788), ), Opa1 (1:1000, Abcam, #ab42364), Mfn1 (1:1000, Abcam, #ab57602), Mff (1:1000, Cell Signaling Technology, #86668), LC3II (1:1000, Cell Signaling Technology, #3868), Tim23 (1:1000, Santa Cruz Biotechnology, #sc-13298), p62 (1:1000, Cell Signaling Technology, #5114), Parkin (1:1000, Cell Signaling Technology, Inc.), Tom20 (1:1, 000, Abcam, #ab186735), NR4A1 (1:1000, Cell Signaling Technology, #3960), total-p53 (1:1000, Cell Signaling Technology, #9282), phospho-p53 (Ser15) (1:1000, Cell Signaling Technology, #9284) [39] . Band intensities were normalized to the respective internal standard signal intensity (GAPDH (1:1000, Cell Signaling Technology, #5174) and/ or β-actin (1:1000, Cell Signaling Technology, #4970) using Quantity One Software (version 4.6.2; Bio-Rad Laboratories, Inc.).
TUNEL assay
The terminal deoxynucleotidyl transferase UTP nick end-labeling (TUNEL) assay was performed with frozen tumor tissue sections at seven days after exposure, using the In Situ Cell Death Detection Kit (Roche Diagnostics, Branford, CT, USA) according to the manufacturer's instructions [40] . After washing 3 times for 5 min each in PBS, the sections were mounted in fluorescence mounting medium with DAPI (Invitrogen) to identify the nuclei. All the paired sections were examined under a confocal laser scanning microscopy [41] .
Immunofluorescence confocal microscopy
The cells were washed twice with PBS, permeabilized in 0.1% Triton X-100 overnight at 4°C. After the fixation procedure, the sections were cryoprotected in a PBS solution supplemented with 0.9 mol/l of sucrose overnight at 4°C [42] . After neutralization with NH 4 Cl buffer, the sections were permeabilized for 45min with 0.05% saponin/PBS (pH=7.4) and incubated overnight with the following primary antibodies: cyt-c (1:500; Abcam; #ab90529), DAPI (Sigma-Aldrich, St. Louis, MO, USA), lysosome stain (Beyotime, Beijing, China), and a mitochondrion-selective MitoFluor™ stain (Molecular Probes, Burlington, ON, Canada) were used to label the nuclei, lysosomes, and mitochondria, respectively. Confocal immunofluorescence images were taken using the FV10-ASW 1.7 software and the Olympus IX81 microscope. Mitophagy is the result of fusion between mitochondria and lysosome. The green mitochondria locate with red lysosome would generate the orange mitophagy [43] . Then, the number of orange dot was measured to quantify the number of mitophagy. The length of mitochondria was measured under microscope which was used to quantify the mitochondrial fission.
MTT assay and caspase-3/9 activity detection
The MTT assay was performed to measure the cell viability as described in a previous study [13] . Cells were treated with 50 µl of MTT at 37°C for ~4 h. Subsequently, the cells were incubated with 200 µl of dimethyl sulfoxide for ~10 min at 37°C. The optical density at a wavelength of 570 nm was then determined [44] . To analyze changes in caspase-3/9, caspase-3/9 activity kits (Beyotime Institute of Biotechnology, China; Catalog No. C1158) were used according to the manufacturer's protocols [45] . To analyze the caspase-3 activity, 5 μl of DEVD-p-NA substrate (4 mM, 200 μM final concentration) was added to the samples for 2 h at 37°C. In brief, to measure caspase-9 activity, 5 ml of LEHD-p-NA substrate (4 mM, 200 μM final concentration) was added to the samples for 1 h at 37°C. Then, the absorbance at a wavelength at 400 nm was recorded via a microplate reader as a marker of the caspase-3 and caspase-9 activities [46] .
Measurement of mitochondrial permeability transition pore (mPTP), reactive oxygen species (ROS) and the mitochondrial membrane potential (∆Ψm)
A JC-1 assay was used to investigate the mitochondrial potential. Briefly, cells ( 1x10 6 ) were treated with a MitoProbe™ JC-1 assay kit (Thermo Fisher Scientific Inc.) (10 mg/ml) at 37°C in the dark for 15-20 min [47] . Subsequently, PBS was used to wash the cells three times. Finally, the mitochondrial potential was determined using a fluorescence microscope, and images were captured. Red-orange fluorescence was attributable to potential-dependent aggregation in the mitochondria. Green fluorescence, indicating the monomeric form of JC-1, appeared in the cytosol after mitochondrial membrane depolarization [48] . In the mPTP opening assay, calcein-acetoxymethyl ester (5 μM, cat. no. 148504-34-1; Sigma-Aldrich; Merck KGaA) was incubated with cells at room temperature in the dark for 30 min. Subsequently, the mPTP opening rate was determined as described in a previous study [49] . Techniques to measure ROS were performed as previously described. Briefly, cells were incubated with the ROS-sensitive dye DHE and then incubated for 20 min at 37°C [50] .
RNA interference
The siRNAs against NR4A, Parkin and p53 were obtained from RiboBio (Guangzhou, China). Transfection was carried out via incubating cells with siRNAs in Opti-MEM media supplemented with Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol [51] . Infection was performed for 48 h at 37˚C and infection efficiency was confirmed via western blotting.
Statistical analysis
Data are presented as means ± S.E. One way analysis of variances (ANOVA) followed by post hoc test (Tukey's HSD test) was employed to search for possible significant changes in between the mean values of different treatment groups. Each experiment was repeated at least for 3 times and statistical analysis was performed using Microcal Origin version 7.0.
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Results
NR4A1 is activated by hyperglycemia and promotes the development of diabetes
To determine whether NR4A1 is involved in the development of diabetic kidney damage, western blotting was used to measure NR4A1 expression. As shown in Fig. 1 A-B , compared to the control group, the group with chronic hyperglycemia had higher NR4A1 transcription and expression, which indicates NR4A1 activation by hyperglycemia. To determine whether the augmented NR4A1 was sufficient to cause diabetic kidneys, NR4A1 knockout (NR4A1-KO) mice were used. Then, we analyzed the general characteristics of diabetic mice and NR4A1-KO mice. As expected, compared to the weight in the control group, the body weight was significantly increased in the diabetic mice and reduced by genetic ablation of NR4A1 (Fig. 1 C) . In addition, the blood glucose (Fig. 1 D) , C-peptide ( Fig. 1 E) , HbA1c ( Fig.  1 F) , glucagon ( Fig. 1 G) , systolic blood pressure (Fig. 1 H) , and serum insulin (Fig. 1 I ) levels in diabetic mice were markedly higher than those in the control group. However, the genetic ablation of NR4A1 reversed the above parameters. Moreover, the inflammatory factors were also increased in response to hyperglycemia and were restored to near-normal levels following NR4A1 deletion ( Fig. 1 J-L) . In summary, these results support the functional importance of NR4A1 activation in promoting the development of diabetes.
Genetic ablation of NR4A1 attenuates diabetic renal injury
To more specifically measure the ability of activated NR4A1 to exacerbate diabetic kidney injury, we evaluated renal function. The blood urea nitrogen (BUN) (Fig. 2 A) and serum creatinine levels (Fig. 2 B) were mostly elevated in diabetic mice but reduced by NR4A1 deletion. Similarly, the urinary albumin content (Fig. 2 C) and the albumin-creatinine ratio (ACR) (Fig. 2 D) were also upregulated in response to a hyperglycemic stimulus but downregulated in response to NR4A1 deletion.
To evaluate renal hypertrophy, we weighed the kidneys. The absolute kidney weights were greatly increased in diabetic mice but decreased after NR4A1 deficiency (Fig. 2  E) . These results were supported by histological evaluation via H&E and PASM staining. The expression levels of NR4A1 in the kidneys from control (ctrl) mice or diabetic mice. C. Body weight was measured to evaluate the role of NR4A1 in body weight gain. D. Blood glucose levels were measured in WT mice and NR4A1-KO mice. E-G. In control mice and diabetic mice, the levels of C-peptide, HbA1c and glucagon were measured via ELISA. H. Mouse systolic blood pressures were measured with a CODA semiautomated noninvasive blood pressure device. I-L. The blood was collected from WT mice and NR4A1-KO mice, and then, the serum insulin, TNFα, IL-6, and MCP-1 levels were measured via ELISA. Experiments were repeated three times, and data are shown as the mean ± SEM. n=6 mice per group. *P<0.05.
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Compared with the control group, the diabetic mice exhibited moderate glomerular atrophy and fragmentation, epithelial desquamation, renal tubule degeneration (Fig. 2  F-I) , and kidney glomerular basement membrane thickening (Fig. 2 J-J) . By contrast, the hyperglycemia-induced renal histopathological alterations were partly attenuated by NR4A1 deletion.
Cellular oxidative stress is a well-established factor in promoting diabetic renal injury.
Interestingly, the hyperglycemia-elevated lipid hydroperoxides (LPO) (Fig. 2 J-K) and urinary 8-isoprostane levels (Fig. 2 L) were obviously reduced in the NR4A1-KO mice. Furthermore, compared with the control group, the diabetic mice contained less glutathione (GSH) (Fig. 2 M) and more GSSG (the oxidized form of GSH) (Fig. 2 N) , and this phenotypic change was reduced by NR4A1 deletion. Based on these data, it is apparent that the pathogenesis of diabetic renal damage is associated with NR4A1 activation.
NR4A1 inhibition suppresses hyperglycemia-mediated glomerular apoptosis and kidney fibrosis
The hallmarks of diabetic renal damage include glomerular cell apoptosis and renal interstitial fibrosis. Compared with the control group, chronic hyperglycemia upregulated the expression of proapoptotic factors and downregulated the content of antiapoptotic proteins (Fig. 3 A-G) ; this effect was mostly reversed by NR4A1 deletion. In addition, the caspase-3 activity (Fig.  3 H) was notably increased by a hyperglycemic stimulus and decreased by NR4A1 deletion. These data indicate that NR4A1 activation by hyperglycemia is an endogenous danger signal for glomerular death.
Renal fibrosis was observed via Masson staining. The results showed that the renal fibrosis area was increased significantly more under chronic high glucose stimulus and was reduced to near-normal levels by NR4A1 deletion (Fig. 3 I-J) . These changes in the fibrosis area coincided with the significant increase in collagen I/III/IV expression observed via western blotting analysis (Fig. 3 K-N) . By contrast, genetic ablation of NR4A1 abolished To obtain the 24-h urine samples, animals were placed in metabolic cages, and the urinary albumin was measured. D. The urinary albumin content and albumin-creatinine ratio (ACR) were also recorded. E. The kidney weight was measured in WT mice and NR4A1-KO mice. F-I. The kidney was obtained, and HE staining was performed to observe the structural alterations in the diabetic kidney upon with NR4A1 deletion. Subsequently, the surface areas in Bowman's capsule, Bowman's space and glomerular tufts were recorded. J. PASM staining of the kidney. K-L. The lipid hydroperoxides (LPOs) in kidney homogenates were measured using an LPO kidney assay kit. The urinary 8-isoprostane was measured by collecting the urine from WT mice and NR4A1-KO mice. M-N. Kidneys were collected, and the proteins were isolated to analyze the oxidative stress markers via ELISA. Experiments were repeated three times, and data are shown as the mean ± SEM. n=6 mice per group. *P<0.05.
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the augmented collagen protein expression induced by hyperglycemia. Furthermore, the activated TGFβ pathways due to hyperglycemia were greatly repressed by NR4A1 deletion (Fig. 3 K-Q ). This change was followed by a decrease in MMP-9 expression and activity ( Fig. 3 K-Q). Altogether, these results highlight the key role of NR4A1 activation as a master regulator of diabetic renal damage via promoting glomerular apoptosis and triggering kidney fibrosis.
Loss of NR4A1 represses hyperglycemia-associated mitochondrial dysfunction
Diabetic renal damage is characterized by mitochondrial dysfunction, a high production of ROS, and low levels of ATP [52] . Our next experiments were carried out to observe whether NR4A1 activation interferes with mitochondrial homeostasis. In vitro, renal mesangial cells were cultured with high glucose medium, and then, the cellular ROS production was measured via an immunofluorescence assay. Compared with the control group, the group with high glucose treatment had increased cellular ROS production (Fig. 4 A-B) , and this effect was mostly repressed by NR4A1 knockdown via transfection with NR4A1 siRNA. Excessive ROS generation was accompanied by a decreased mitochondrial membrane potential (∆Ψm) (Fig. 4 C-D) and increased mPTP opening (Fig. 4 E) . However, transfection with NR4A1 siRNA maintained the ∆Ψm and suppressed mPTP opening. Excessive mPTP opening promotes the leakage of mitochondrial proapoptotic factors, such as cyt-c, from the mitochondria into the cytoplasm and nucleus. As shown in Fig. 4 F-G, the nuclear expression of cyt-c under hyperglycemic treatment was higher than that in the control group. However, NR4A1 siRNA repressed the hyperglycemia-mediated cyt-c leakage into the nucleus. Upon the release of cyt-c into the cytoplasm, the protein would bind apoptotic protease activating factor (Apaf-1) and thereby activate caspase-9, initiating caspase-dependent apoptotic signals [33] . Western blotting showed that hyperglycemia significantly increased the caspase-9, caspase-3, and Bax expression (Fig. 4 H-M) . By contrast, antiapoptotic proteins such as Bcl-2 and c-IAP1 were downregulated in response to a hyperglycemic stimulus (Fig.  4 H-M) . Interestingly, the loss of NR4A1 greatly reduced the decrease in antiapoptotic protein between h y p e r g l y c e m i a -m e d i a t e d mitochondrial dysfunction and mitochondrial fission [10, 14] . Furthermore, in light of the central role of mitochondrial fission in initiating mitochondrial apoptosis, we asked whether mitochondrial fission is required for NR4A1-mediated glomerular apoptosis and mitochondrial damage. As shown in Fig. 5A -B, a hyperglycemic stimulus forced the mitochondria to divide into several fragmented mitochondria. As a result, the average length of mitochondria decreased from 8.7±1.2 μm to 2.7±0.6 μm. Interestingly, this conformational alteration was mostly reversed by NR4A1 knockdown. At the molecular level, hyperglycemia contributed to the Drp1 translocation from the cytoplasm to the surface of the mitochondria (Fig. 5  C-D) , and this effect was largely repressed by NR4A1 knockdown. We also examined the molecular alterations of mitochondrial fusion, a kind of resistance mechanism for correcting excessive mitochondrial fission. As shown in Fig. 5 C-G, hyperglycemia drastically downregulated and NR4A1 deletion reversed the expression To inhibit the NR4A1 expression, control siRNA (si-ctrl) and NR4A1 siRNA (si-NR4A1) were transfected into cells before the high glucose stimulus. Then, ROS staining was performed using a ROS probe. The relative ROS fluorescence intensity was measured. C-D. After high glucose treatment, the mitochondrial membrane potential was measured via JC-1 staining. Red fluorescence indicates a normal mitochondrial potential, whereas green fluorescence indicates an impaired mitochondrial potential. E. mPTP opening was recorded with or without NR4A1 silencing. F-G. Immunofluorescence assay for cyt-c. In response to high glucose treatment, more cyt-c was released into the nucleus, and this effect was inhibited by NR4A1 deletion. H-M. After high glucose treatment, proteins were isolated, and western blotting was performed to analyze the expression of apoptotic proteins. Experiments were repeated three times, and data are shown as the mean ± SEM. si-ctrl: control siRNA; si-NR4A1: NR4A1 siRNA; HG: high glucose. *P<0.05. Additionally, gainand loss-of-function assays for mitochondrial fission were conducted via the administration of Mdivi-1 (mitochondrial fission blocker) and FCCP (mitochondrial fission activator), respectively. As shown in Fig. 5 H, the h y p e r g l y c e m i a -t r i g g e r e d caspase-9 activation was mostly inhibited by NR4A1 deletion or Mdivi-1 supplementation. However, FCCP treatment abrogated the inhibitory effect of NR4A1 deletion in terms of caspase-9 activation. Similar results were obtained in the LDH-release assay (Fig. 5 I) . These investigations have established a central role for NR4A1 upregulation and for the subsequent mitochondrial fission activation that leads to glomerular mitochondrial apoptosis.
Protective Parkin-mediated mitophagy is repressed by NR4A1
In addition to mitochondrial fission, we further investigated the contributory role of NR4A1 in regulating Parkin-mediated mitophagy [53, 54] . Western blot with the cytoplasmic and mitochondrial fractions showed that hyperglycemia reduced the mitochondrial Parkin expression (Fig. 6 A-B) . In response to Parkin downregulation, the LC3II/LC3I ratio was reduced (Fig. 6 A-D) , but the p62 accumulation was increased (Fig. 6 A-D) , indicating the inhibition of autophagic flux. However, NR4A1 deletion reversed the Parkin expression and sustained the autophagic flux. Subsequently, to observe mitophagy activity, we isolated mitochondria and analyzed LC3II via western blotting. The results showed that mito-LC3II (mitochondrial LC3II) was reduced by hyperglycemia and returned to normal levels after NR4A1 deletion (Fig. 6 A-E) . In addition, the expression of Tom 20 (outer membrane marker) Fig. 5 . NR4A1 suppresses high glucose-mediated mitochondrial fission. A-B. After high glucose treatment, mitochondria were observed via an immunofluorescence assay. Then, the average length of mitochondria was recorded. C-G. To quantify mitochondrial fission, proteins were isolated, and western blotting was performed to analyze the expression of proteins related to mitochondrial fission. H-I. To verify the role of mitochondrial fission in cellular apoptosis, loss-and gain-of-function assays were performed to evaluate mitochondrial fission. FCCP, an activator of mitochondrial fission, was added to NR4A1-deleted cells to reactivate mitochondrial fission. Mdivi-1, an inhibitor of mitochondrial fission, was administered to HG-treated cells to suppress mitochondrial fission. Subsequently, the caspase-9 activity and LDH release were measured. Experiments were repeated three times, and the data are shown as the mean ± SEM. si-ctrl: control siRNA; si-NR4A1: NR4A1 siRNA; HG: high glucose. *P<0.05.
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and Tim 23 (inner membrane marker) were decreased in response to hyperglycemia (Fig. 6 A-G), and this effect was also reduced by NR4A1 deficiency. To more specifically evaluate the ability of the Parkin to promote mitophagy, a siRNA against Parkin was used. After knockdown of Parkin in NR4A1-deficient cells, the mito-LC3II expression was reduced, and this change was accompanied by the accumulation of Tom20 and Tim23 (Fig. 6 A-G) , suggesting an 
indispensable role of Parkin in mitophagy activation. Taken together, this information indicated that the Parkin-mediated mitophagy was inhibited by hyperglycemia via NR4A1. This finding was further validated via an immunofluorescence assay. As shown in Fig. 6 H-I , hyperglycemia disrupted the cooperation between mitochondria and lysosomes, indicating mitophagy delay. However, the loss of NR4A1 stimulated the colocalization of mitochondria and lysosomes, and this effect was nullified by Parkin siRNA.
To examine the functional role of Parkin-mediated mitophagy in mitochondrial homeostasis, we measured the average mitochondrial length [55] . As shown in Fig. 6 J, the decreased mitochondrial length induced by hyperglycemia was reversed to near-normal levels after NR4A1 deletion. However, the inhibitory effects of NR4A1 deficiency on mitochondrial fission were abolished by Parkin siRNA. These data indicated that Parkin-mediated mitophagy had the ability to correct excessive mitochondrial fission. Subsequently, we measured mitochondrial ATP production with Parkin knockdown. As shown in Fig. 6 K, hyperglycemia was reduced, whereas NR4A1 deficiency increased ATP generation by reversing the change in Parkin expression. In addition to maintaining ATP, knockdown of NR4A1 repressed the cellular ROS production via Parkin-mediated mitophagy (Fig. 6 L-M) . Altogether, this information illustrates that Parkin-mediated mitophagy is a kind of defense mechanism to combat hyperglycemia-mediated mitochondrial damage and that this activity is drastically repressed by NR4A1. Fig. 7 . NR4A1 modulates Mff and Parkin via the p53 signaling pathway. A-F. After high glucose treatment, proteins were isolated, and western blotting was performed. High glucose treatment activated the p53 pathway via promoting its phosphorylation, and this effect was negated by NR4A1 silencing. Moreover, the Mff and Parkin expression levels were inhibited in response to p53 siRNA. G-H. To determine whether p53 is required for NR4A1-related mitochondrial fission, p53 siRNA was transfected into cells, and mitochondria were observed via immunofluorescence. I-M. To determine whether p53 is required for NR4A1-related mitophagy, western blotting was performed to analyze the expression of proteins involved in mitophagy. N-O. A TUNEL assay was carried out in p53-deleted cells to establish its role in hyperglycemia-related cellular apoptosis. Experiments were repeated three times, and data are shown as the mean ± SEM. si-ctrl: control siRNA; si-NR4A1: NR4A1 siRNA; si-p53: p53 siRNA; HG: high glucose. *P<0.05. 
NR4A1 regulates Parkin and Mff transcription via p53
Previous studies have confirmed that p53, as a downstream effector of NR4A1, synchronously governs both mitochondrial fission and mitophagy in fatty liver disease [24, 56] . In the present study, we also found that p53 was activated by hyperglycemia via posttranscriptional phosphorylation (Fig. 7 A-B) and that this effect was negated by NR4A1 deletion. Subsequently, to determine whether p53 is required for Mff upregulation and Parkin downregulation, siRNA against p53 was used for a loss-of-function assay of p53. Loss of p53 reduced the Mff expression and increased the Parkin content found in western blot analysis (Fig. 7 A-D) . Similar results were also obtained via a qPCR assay (Fig. 7 E-F) , suggesting that p53 governs Mff and Parkin expression at the transcriptional level.
Subsequently, we performed experiments to explore whether p53 is required for mitochondrial fission and mitophagy. As shown in Fig. 7 G-H, the increased mitochondrial debris induced by hyperglycemia was strongly inhibited by NR4A1 deletion. This result was similar to the one obtained via p53 siRNA transfection. These data indicated that p53 activation by NR4A1 accounted for mitochondrial fission. We also found that mitophagy parameters were reduced by hyperglycemia and returned to normal levels after NR4A1 deletion ( Fig. 7 I-M) . Interestingly, loss of p53 also maintained the mitophagy activity, confirming that mitophagy activity is highly regulated by p53 in the context of high glucose stress ( Fig. 7 I-M) . Finally, the loss of p53 and the inhibition of NR4A1 each reduced the number of TUNEL-positive cells compared to those in high glucose-treated cells (Fig. 7 N-O) . Altogether, these data revealed that NR4A1 modulates Mff-mediated mitochondrial fission and Parkin-mediated mitophagy via p53.
Discussion
Hyperglycemia and diabetic renal damage are directly related to mitochondrial dysfunction through poorly understood mechanisms. The data of the present study have provided us with a novel description of the mechanism underlying hyperglycemia-mediated mitochondrial damage. We found the following: (1) NR4A1 is upregulated in response to a chronic hyperglycemic stimulus and contributes to the development of DN, (2) genetic ablation of NR4A1 improves the abnormal changes in glucose metabolism parameters, sustains renal function, attenuates renal hypertrophy, and reduces diabetic kidney damage, (3) at the molecular level, deletion of NR4A1 suppresses glomerular apoptosis and prevents the mitochondrial damage induced by high glucose stress, and (4) mechanically, the loss of NR4A1 inactivates p53 and alleviates Mff transcription. On the one hand, (5) downregulated Mff disrupts the hyperglycemia-mediated mitochondrial fission and thus reduces mitochondrial oxidative stress, represses mPTP opening, decreases the leakage of proapoptotic proteins into the cytoplasm, and stops the mitochondria-dependent cellular apoptosis in the setting of diabetes; on the other hand, (6) inactive NR4A1-p53 signaling enhances Parkin transcription, augmenting mitophagy activity, and (7) activated mitophagy increases ATP production and represses mitochondrial fission. To the best of our knowledge, this is the first identification of the major mitochondrial homeostasis regulatory pathway involving NR4A1 upregulation, p53 activation, Mff-mediated mitochondrial fission initiation, Parkin-mediated mitophagy inhibition, and glomerular apoptosis amplification in the development of diabetic renal injury (Fig. 8) . This finding suggests the possibility that NR4A1/p53 signaling pathways act as new upstream regulators of hyperglycemia-modulated mitochondrial fission and mitophagy, which lays the foundation to help us understand the paradigm of mitochondrial dynamics management and signaling in the context of diabetic nephropathy.
An increasing body of evidence has confirmed the strong causal association between mitochondrial impairment and diabetic nephropathy [26] . A chronic hyperglycemic stimulus increases the production of mitochondrial ROS, establishing glomerular oxidative [57, 58] . Redox imbalance initiates cellular damage by modifying phospholipids and proteins in the mitochondrial membrane [6, 59] . According to previous studies, hyperglycemiamediated oxidative stress reduces the expression and activity of the mitochondrial respiratory complex, impairing mitochondrial energy metabolism [10, 60] . Furthermore, the mitochondrial outer-membrane permeabilization induced by excessive ROS production promotes proapoptotic factor leakage and initiates caspase-9-related mitochondrial apoptosis [61, 62] . The hyperglycemiamediated glomerular death via mitochondrial apoptosis gradually leads to a reduction in functional cells in the kidneys, which unfortunately is repaired via collagen accumulation, progressively contributing to renal dysfunction [63, 64] . These data show the functional importance of mitochondrial damage in regulating the progression of diabetic nephropathy.
In the present study, we demonstrated that hyperglycemia-mediated mitochondrial damage can be attributed to mitochondrial fission activation and mitophagy inhibition. Excessive mitochondrial fission and mitophagy arrest produce numerous mitochondrial fragments, stimulating ROS overproduction, mPTP opening, cyt-c leakage, and caspase-9 activation [17, 18, 31, 65] . We also identified NR4A1 as the regulator of hyperglycemiamediated fission augmentation and mitophagy delay because deletion of NR4A1 repressed the formation of mitochondrial fragmentation and promoted mitochondria fusion with lysosomes. In addition, we found that the genetic ablation of NR4A1 reversed the glucose metabolism parameter changes, decreased glomerular death and reduced diabetic renal fibrosis. Accordingly, our study highlights the fact that NR4A1-mediated fission activation and mitophagy inhibition are critical for diabetic renal injury and mitochondrial dysfunction.
Consistently with our findings, previous studies have reported that NR4A1 activation was noted in fatty liver disease and atherosclerosis [24, 25] and that the genetic deletion of NR4A1 or pharmacological inhibition of NR4A1 retards or prevents the progression of nonalcoholic fatty liver and atherosclerosis [66, 67] . Collectively, these observations have demonstrated the sufficiency of NR4A1 to exacerbate chronic metabolic diseases, which may highlight a new method for treating chronic metabolic disorders by targeting NR4A1.
Although a mounting body of data has confirmed that fission activation and mitophagy inhibition are involved in diabetic renal damage via pleiotropic effects [60, 68] , the upstream regulators of fission and mitophagy have not yet been fully elucidated. Previous studies have suggested that mitochondrial fission is highly governed by Drp1 translocation from the cytoplasm to mitochondria. However, Drp1's interaction with mitochondria requires its receptors, especially Mff [11, 17] . We have illustrated that hyperglycemiamediated mitochondrial fission requires Mff, whose activity was enhanced by NR4A1 at the transcriptional level. Furthermore, impaired mitophagy resulted from downregulated Parkin, a regulator of mitophagy facilitating mitochondrial fusion with lysosomes. NR4A1 repressed Parkin transcription and therefore attenuated mitophagy activity. More importantly, our data 
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Cellular Physiology and Biochemistry revealed that p53 is required for NR4A1-regulated Mff/Parkin transcription. These results introduced the NR4A1-p53 signaling pathways as upstream regulators of hyperglycemiarelated fission and mitophagy. Previous researchers have reported, similar to our reports, that NR4A1 could regulate mitochondrial fission and mitophagy at the same time in fatty liver disease [24, 69] . However, these authors argued that activated NR4A1 due to high-fat diets mediates Drp1 phosphorylation and represses Bnip3 transcription, leading to fission activation and mitophagy inhibition. Other signaling pathways may also be involved in simultaneously regulating fission and mitophagy [70, 71] . In cardiac microvascular ischemia reperfusion, DUSP1 has been shown to repress fission and recuse mitophagy via the JNK pathway [17, 72] . In diabetic cardiomyopathy, AMPK is the upstream mediator of fission and mitophagy [14, 73] . Further investigation of the roles of DUSP1 and the AMPK pathway in Mff-mediated fission and Parkin-mediated mitophagy is required for further insight into mitochondrial dynamics management in the setting of diabetic nephropathy.
In summary, our report highlights novel signal pathways controlling the progression of diabetic nephropathy via modulation of mitochondrial homeostasis: upregulated NR4A1 induced by hyperglycemia activated p53 pathways, stimulating Mff-mediated mitochondrial fission and inhibiting Parkin-mediated mitophagy. The imbalance in mitochondrial dynamics amplified glomerular apoptosis and impaired renal function. This result underlies the fact that fission and mitophagy are actually regulated by common upstream signals (the NR4A1-p53 signaling pathway) in the setting of hyperglycemic stress. In light of these findings, strategies to regulate the balance of the NR4A1-p53 signaling pathway and mitochondrial homeostasis may be a therapeutic target for treating diabetic nephropathy in clinical practice.
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